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HIGHLIGHTS 


►  Capacity  fading  mechanism  of  graphite/LiFeP04-based  Li-ion  batteries  is  investigated. 

►  Laminated  pouch  type  1.5  Ah  full  cells  were  cycled  1000-3000  times  at  a  rate  of  4C. 

►  Loss  of  active  lithium  by  deterioration  of  graphite  electrodes  is  a  primary  source  for  capacity  fading. 

►  Increased  electrode  resistance  in  LiFeP04  electrodes  is  suggested  to  be  the  cause  of  power  fading. 
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We  report  on  the  capacity  fading  mechanism  of  Li-ion  batteries  consisting  of  a  graphite  negative  elec¬ 
trode  and  an  olivine  LiFeP04  positive  electrode  during  long-term  cycling.  Laminated  pouch  type  1.5  Ah 
full  cells  are  cycled  1000—3000  times  at  a  rate  of  4C  and  the  full  cells  exhibit  capacity  losses  of  10—15%. 
Half-cell  study  after  full  cell  disassembly,  using  degraded  electrodes,  shows  that  considerable  capacity 
loss  occurs  for  the  negative  electrode  even  at  low  rates,  but  the  total  rate  performance  of  the  negative 
electrode  is  relatively  better  than  that  of  the  positive  electrode.  The  initial  capacity  of  the  positive 
electrode  is  largely  recovered  under  low  rate  conditions  (0.1-0.5C),  whereas  a  decline  in  the  reversibility 
is  observed  at  higher  rates  (1-5C).  Loss  of  the  active  lithium  source  from  the  system  is  proposed  as 
a  primary  source  of  capacity  fading  for  the  full  cells.  This  loss  is  attributed  to  a  change  of  the  solid 
electrolyte  interface  during  cycling  as  well  as  physical  deterioration  of  the  negative  electrode  due  to  the 
intrinsic  volume  change  of  the  graphite  electrode.  On  the  other  hand,  the  increased  electrode  resistance 
in  the  positive  electrode  is  suggested  to  be  the  root  cause  of  power  fading. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

The  ever-increasing  global  energy,  fuelled  by  the  depletion  of 
fossil  fuels,  has  driven  the  search  for  renewable  energy  as  a  poten¬ 
tial  alternative  energy  source.  Renewable  energy  is  generally 
produced  using  energy  conversion  systems  such  as  solar  cells  and 
wind  turbines.  Because  the  energy  delivery  through  energy 
conversion  from  renewable  sources  is  unpredictable  and  inter¬ 
mittent,  combination  with  energy  storage  systems  (ESSs)  is 
required  to  improve  the  system  efficiency  [1].  Rechargeable 
batteries  have  been  regarded  as  promising  candidates  for  ESSs, 
where  the  Li-ion  battery  is  one  of  the  most  commercially  verified 
systems.  Practical  demonstrations  of  the  feasibility  of  Li-ion 
batteries  are  actively  being  undertaken  worldwide  [1,2]. 
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Long-term  reliability  is  requisite  for  the  utilization  of  Li-ion 
batteries  in  ESS.  In  terms  of  cycling  stability  and  energy  density, 
graphite  remains  the  first  choice  among  the  negative  electrode 
materials  [3-5].  LiFeP04  has  attracted  much  attention  as  a  prom¬ 
ising  positive  electrode  material  because  of  the  low  cost,  Fe  avail¬ 
ability,  good  electrochemical  cycling  stability,  and  environmentally 
friendliness  [6,7].  Since  the  initial  report  on  the  electrochemical 
properties  [8]  and  the  subsequent  improvement  of  the  low  elec¬ 
tronic  conductivity  of  the  olivine  phase  [9,10],  a  number  of  studies 
on  this  material  have  emerged.  At  present,  the  combination  of  the 
graphite  negative  electrode  and  the  LiFeP04  positive  electrode  for 
use  in  Li-ion  batteries  is  one  of  the  most  promising  cell  chemistry 
for  ESS  application  on  the  basis  of  several  factors  such  as  cost, 
energy  density,  and  cycling  stability  [11-22]. 

Investigation  of  the  failure  mechanism  of  batteries  is  of  vital 
importance  to  the  design  of  durable  batteries.  Evaluation  of  the 
temporal  decline  in  capacity  and  power  fading  is  difficult  given  that 
the  degradation  of  batteries  is  influenced  by  various  factors  and  the 
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underlying  mechanism  is  very  complicated  [23-30].  Conclusive 
determination  of  the  origin  of  performance  fading  may  facilitate 
enhanced  design  and  effective  use  of  these  batteries.  Although 
there  are  reports  related  to  the  cell-failure  analysis  of  Li-ion 
batteries  comprising  a  graphite  negative  electrode  and  LiFeP04 
positive  electrode  [12-19],  further  studies  of  these  systems  remain 
necessary  given  that  the  origin  of  capacity  and  power  fading  after 
accelerated  long-term  cycling  has  not  been  clearly  elucidated. 
Postmortem  analysis  of  the  laminated  full  cells  after  extensive  cycle 
testing  at  a  high  rate  can  furnish  more  in-depth  understanding  and 
insight  into  the  mechanistics  of  the  graphite/LiFePCU  system, 
thereby  enabling  further  improvement  of  the  properties  of  cell 
components  and  cell  design. 

In  this  study,  pouch  type  1.5  Ah  full  cells  were  assembled  by 
employing  commercial-grade  graphite  and  LiFeP04  as  electrode 
materials.  The  1.5  Ah  cells  were  designed  to  mimic  the  50  Ah  grade 
cells  employed  in  commercial  ESS  systems.  It  was  confirmed  that 
the  cell-failure  modes  of  both  50  and  1.5  Ah  cells  were  similar  in 
advance.  After  1000,  2000,  and  3000  cycles  at  a  rate  of  4C,  each  full 
cell  was  dismantled  and  the  electrodes  were  analyzed  using  various 
electrochemical  and  physical  analysis  tools,  and  the  results  are 
presented  herein. 

2.  Experimental 

Commercial-grade  graphite  and  LiFePCU  were,  respectively, 
used  as  negative  and  positive  electrode  materials.  The  detailed 
information  on  the  active  materials  is  included  in  Supplementary 
data  (Fig.  SI).  Pouch  type  1.5  Ah  cells  were  prepared  by  stacking  12 
negative  and  11  positive  electrodes.  Double-side  coated  electrodes 
were  laminated  with  polypropylene  separators  to  prevent  physical 
contact  and  consequent  short-circuit.  The  total  capacity  (mAh)  of 
the  graphite  negative  electrode  was  designed  to  be  1.2  times  larger 
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than  that  of  the  LiFeP04  positive  electrode  to  prevent  Li  metal 
deposition  on  the  negative  electrode  surface  resulting  from  the  lack 
of  negative  electrode  capacity.  Pouch  cells  were  sealed  in  an 
aluminum-laminated  polymer  film  bag  after  the  injection  of  an 
electrolyte  comprising  1  M  LiPF6  in  ethylene  carbonate  (EC)/ethyl 
methyl  carbonate  (EMC)  (3:7  volume  ratio)  containing  2wt% 
vinylene  carbonate  as  an  additive.  All  cell  fabrication  processes 
were  conducted  in  a  dry  room  with  the  dew  point  controlled  to  less 
than  -50  °C.  The  full  cells  were  first  subjected  to  a  formation  cycle 
by  charging  and  discharging  at  a  very  low  rate  of  0.1  C  to  produce 
a  stable  solid  electrolyte  interface  (SEI)  layer  on  the  surface  of  the 
negative  electrode.  The  cells  were  then  cycled  at  a  rate  of  1 C.  Each 
full  cell  was  subsequently  cycled  1000,  2000,  and  3000  times 
within  a  voltage  range  of  2. 0-3. 8  V  at  4C.  The  high  rate  of  4C  was 
applied  to  accelerate  the  degradation  process  of  the  full  cells. 
Following  the  high-rate  cycling,  the  cells  were  again  cycled  3  times 
at  1C  for  evaluation  of  the  level  of  capacity  retention  and  recovery. 

For  the  analysis  of  each  electrode,  the  full  cells  were  dis¬ 
assembled  in  the  fully  discharged  state  (see  Fig.  S2  in  the 
Supplementary  data).  The  negative  and  positive  electrodes  were 
thoroughly  washed  in  pure  EMC  solutions  and  dried  under  vacuum 
to  eliminate  the  effect  of  the  LiPF6  salt.  The  electrodes  were  then 
analyzed  as  follows:  X-ray  diffraction  (XRD)  was  carried  out  on  the 
electrode  using  a  PANalytical  Empyrean  XRD  system  with  Pixel30 
detector  and  Cu-Ka  radiation  (40  kV  and  30  mA).  The  morphology 
and  microstructure  of  the  electrodes  were  observed  by  using  a  field 
emission  scanning  electron  microscope  (FE-SEM,  JEOL  JSM-7000F) 
with  energy  dispersive  X-ray  spectroscopy  (EDS).  For  SEM  obser¬ 
vations,  cross-sectioned  electrodes  were  prepared  using  a  cross- 
section  polisher  (CP,  JEOL  /sn-09010).  Electrochemical  impedance 
spectroscopy  (EIS)  data  were  obtained  at  an  amplitude  of  10  mV 
(AC)  in  the  frequency  range  of  1  MFIz  to  10  mHz.  X-ray  photoelec¬ 
tron  spectroscopy  (XPS,  Thermo  Scientific  Sigma  Probe)  was  used 
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Fig.  1.  Voltage  profiles  at  1C  for  each  full  cell  before  and  after  (a)  1000,  (b)  2000,  (c)  3000  cycles  at  4C,  and  (d)  comparison  of  all  profiles  as  normalized  capacity. 
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for  determining  the  composition  of  the  electrode  surface.  XPS 
depth  analysis  was  also  performed  by  etching  the  electrodes  with 
an  Ar-ion  beam.  The  half-cell  performance  of  the  individual  cycled 
graphite  and  LiFePCU  electrodes  was  evaluated  in  fresh  electrolyte 
by  using  lithium  metal  foil  as  the  counter/reference  electrode. 
Fourier- transform  infrared  spectroscopy  (FT-IR,  Bruker  VERTEX  70) 
was  employed  to  analyze  the  chemical  composition  of  the  SEI  layer. 
The  FT-IR  spectra  were  acquired  in  the  transmission  mode  at 
a  resolution  of  4  cm-1.  The  electrode  samples  for  spectroscopy 
analyses  were  prepared  in  an  Ar-filled  glove  box  in  order  to  avoid 
reaction  with  ambient  atmosphere.  The  half-cells  were  cycled 
galvanostatically  at  various  current  rates  using  a  battery  tester 
(MACCOR  Series  4000  system).  All  analytical  and  electrochemical 
experiments  were  conducted  at  room  temperature. 

3.  Results  and  discussion 

Fig.  1  shows  the  voltage  profiles  of  the  full  cells  at  1C  (constant 
current  of  1.5  A)  before  and  after  different  numbers  of  cycles 
ranging  from  1000  to  3000,  at  a  rate  of  4C.  The  data  confirm  that  at 
1C,  the  reversible  capacities  of  all  the  pouch  cells  after  cell  assembly 
are  close  to  the  designed  value  of  1.5  Ah.  The  observed  profiles  are 
typical  of  graphite/LiFeP04  full  cells,  and  the  average  voltage  for 
discharge  was  about  3.2  V,  which  is  consistent  with  previous 
reports  [12].  Following  high-rate  cycling,  increased  polarization 
was  observed  in  the  voltage  profiles  of  all  the  cells,  which  may  be 
due  to  increased  resistance  in  the  cell  components.  The  cell 
capacity  also  declined  as  a  result  of  cell  deterioration  during 
repetitive  cycling.  The  discharge  capacities  at  1C  before  and  after 
the  long-term  cycling  are  compared  in  Table  1.  The  majority  of 
capacity  fading  occurred  during  the  first  1000  cycles,  with  a  reten¬ 
tion  rate  of  88.4%,  whereas  the  level  of  reduction  over  the  further 
2000  cycles  was  limited  (3.5%).  Thus,  it  is  clear  that  the  major 
degradation  of  the  cell  components  occurred  in  the  early  stage  of 
the  cycle  test  for  the  full  cells.  Although  capacity  retention  ratios 
greater  than  80%  were  achieved  for  all  cells,  it  is  still  necessary  to 
determine  the  origin  of  the  cell  capacity  fade  to  further  enhance  the 
cycle  life  of  the  cells  for  practical  ESS  application. 

The  cell  performance  fading  mechanism  was  evaluated  on  the 
basis  of  half-cell  tests  using  the  coin-type  configuration,  which 
were  performed  after  disassembling  the  fully  discharged  full  cell. 
The  half-cells  comprised  fresh  Li  foil  as  counter  electrodes,  and 
retrieved  positive  and  negative  electrodes  from  full  cells  as  working 
electrodes.  The  recovered  capacity  and  rate  characteristics  of  the 
LiFeP04  and  graphite  electrodes  were  evaluated  using  these  coin 
cells.  Fig.  2a  presents  the  voltage  profiles  of  the  fresh  and  cycled 
graphite  electrodes  against  the  Li  electrode  at  a  rate  of  1C.  It  is 
found  that  upon  cycling,  the  discharge  capacities  (Li  extraction)  at 
1C  decrease  from  352mAhg_1  for  the  fresh  electrode  to 
288  mAhg-1  for  the  sample  subjected  to  3000  cycles,  indicating 
that  the  capacities  were  not  fully  recovered  after  the  cycling 
process  at  4C.  The  capacities  at  various  discharge  rates  are  shown  in 
Fig.  2b.  Over  the  entire  range  of  C-rate,  all  the  negative  electrodes 
exhibit  a  similar  trend  in  terms  of  the  rate  characteristics,  with 
different  values  at  each  rate.  The  capacity  decreases  gradually  as  the 
current  rate  increases  up  to  3C,  after  which  the  capacity  declines 


Table  1 

Discharge  capacities  at  1C  and  capacity  retention  ratios  after  cycling  at  4C. 


Sample 

Cell  capacity  before 
cycle  (mAh) 

Cell  capacity  after 
cycle  (mAh) 

Capacity  retention 
after  cycle  (%) 

After  1000  cycles 

1555 

1375 

88.4 

After  2000  cycles 

1504 

1293 

86.0 

After  3000  cycles 

1517 

1288 

84.9 

Fig.  2.  (a)  Voltage  profiles  of  fresh  and  cycled  graphite  electrodes  at  1C  in  half-cell  and 
(b)  rate  characteristics  of  the  electrodes. 


precipitously  at  5C;  this  sudden  decline  might  originate  from 
factors  related  to  the  electrode  design,  such  as  the  thickness  and 
density. 

XRD  patterns  and  SEM  images  were  acquired  for  evaluation  of 
the  structural  and  morphological  changes  of  the  graphite  elec¬ 
trodes  during  cycling.  Only  peaks  attributable  to  the  graphite  phase 
were  observed  in  the  XRD,  and  secondary  phases  were  not  found, 
indicating  that  the  bulk  structure  remains  intact  during  cycling, 
even  in  the  case  of  3000  cycles  (see  Fig.  S3  in  the  Supplementary 
data).  Fig.  3  shows  the  cross-sectional  FE-SEM  images  of  the  fresh 
and  cycled  electrodes.  It  can  be  seen  that  there  are  cracks  between 
the  graphite  particles  subsequent  to  the  high-rate  cycling  process, 
which  indicates  the  occurrence  of  physical  damage  to  the  graphite 
electrode  due  to  the  intrinsic  volume  changes  that  occurred  during 
cycling.  There  was  no  notable  difference  between  the  cycled  elec¬ 
trodes  except  that  the  electrode  subjected  to  3000  cycles  exhibited 
some  locally  delaminated  spots  from  the  Cu  current  collector. 

An  electrochemical  impedance  study  was  carried  out  to  inves¬ 
tigate  the  interfacial  resistance  change  in  the  negative  electrodes 
using  three-electrode  cells  in  the  fully  discharged  state.  The 
impedance  spectra  of  the  electrodes  are  presented  as  Nyquist  plots 
in  Fig.  4.  The  spectra  are  composed  of  a  high-frequency  quasi¬ 
semicircle  and  a  low-frequency  tail.  The  mid-frequency  intercept  of 
the  spectra  increased  with  increasing  cycling  number.  The 
components  of  the  semicircle  can  generally  be  assigned  to  three 
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Fig.  3.  Cross-sectional  FE-SEM  images  of  fresh  and  cycled  graphite  electrodes:  (a)  fresh,  after  (b)  1000,  (c)  2000,  and  (d)  3000  cycles. 


distinctive  factors  such  as  the  ionic  conductivity  of  the  electrolyte, 
the  charge  transfer  resistance  between  the  active  material  and  the 
electrolyte,  and  the  double-layer  capacitance.  These  factors  corre¬ 
spond  to  the  high-frequency  intercept,  mid-frequency  intercept, 
and  the  height  of  the  semicircle,  respectively  [31-34].  It  is  inferred 
from  the  considerable  increase  of  the  mid-frequency  intercept 
(increase  in  the  semicircle  diameter)  that  the  interfacial  resistance 


Fig.  4.  Electrochemical  impedance  spectra  (Nyquist  plot)  for  fresh  and  cycled  graphite 
electrodes. 


related  to  the  charge  transfer  between  the  negative  electrode  and 
electrolyte  increases  significantly  upon  high-rate  cycling.  It  is  well 
known  that  SEI  film  on  the  graphite  surface  exerts  a  significant 
effect  on  the  electrochemical  properties  of  the  active  material 
[35,36].  Reduction  of  the  electrolyte  with  the  Li-ion  consumption 
occurs  on  the  graphite  surface  during  the  first  Li  insertion  into  the 
graphite  layers.  This  process  leads  to  the  formation  of  the  SEI  film, 
which  prevents  the  negative  electrode  surface  from  further 
reduction  of  the  electrolyte  and  co-intercalation  of  the  electrolyte 
components  such  as  solvent  molecules  [29,35,36].  However,  upon 
the  long-term  cycling,  the  SEI  film  may  undergo  breakage  and  re¬ 
formation  resulting  from  repetitive  volume  change  of  the 
graphite  particles,  which  occurs  in  response  to  the  movement  of 
lithium  ions  during  cycling.  If  the  rate  of  lithium  intercalation/ 
deintercalation  is  relatively  slow,  the  volume  of  the  graphite 
particles  also  changes  slowly  resulting  in  less  deformation  of  the 
SEI  film.  In  contrast,  a  rapid  movement  of  lithium  ions,  as  is  ex¬ 
pected  at  fast  discharge  rates  such  as  the  rate  of  4C  used  in  this 
study,  is  expected  to  result  in  instability  of  the  SEI  film.  Under  these 
conditions,  breakage  of  the  SEI  film  is  facile  and  unstable  SEI  layers 
are  expected  to  form  on  the  newly  exposed  graphite  surface.  This 
process  occurs  continuously  during  the  cycle  test,  thereby  inducing 
increased  interfacial  resistance,  as  shown  in  Fig.  4.  In  this  study,  the 
increased  interfacial  resistance  in  the  negative  electrode  can  be 
attributed  to  the  higher  resistance  of  the  SEI  film  resulting  from 
increased  thickness  or  lower  ion  conductivity  of  the  SEI  film  [32]. 

Fig.  5  shows  the  EDS  spectra  and  corresponding  quantitative 
results  obtained  from  analysis  of  the  surface  of  the  graphite  elec¬ 
trodes.  Whereas  no  signal  for  F  and  P  was  found  on  the  fresh 
electrode,  signals  attributable  to  F  and  P  were  detected  for  all  the 
cycled  electrodes.  The  ratios  of  F  and  P  in  the  compositions  increase 
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Fig.  5.  EDS  spectra  and  quantitative  analysis  results  (inset)  of  fresh  and  cycled  graphite  electrodes:  (a)  fresh,  after  (b)  1000,  (c)  2000,  and  (d)  3000  cycles.  The  electrodes  were 
thoroughly  washed  with  pure  EMC  solution  prior  to  the  measurement. 


with  increasing  number  of  cycles.  The  observed  signals  may  indi¬ 
cate  the  formation  of  the  SEI  on  the  surface  of  the  cycled  electrodes 
since  both  F  and  P  are  major  components  of  the  SEI  film.  When  the 
LiPF6  salt  is  used  in  the  electrolyte,  F  and  P  exist  in  various  forms 
such  as  LiF,  Li*PFy,  and  LixPOFy  [36,37].  Oxygen  is  another  major 
component  of  the  SEI  film  and  the  oxygen  content  was  also  found  to 
increase  upon  cycling.  The  XPS  depth  profiles  of  the  cycled  graphite 
electrodes  are  shown  in  Fig.  6,  which  presents  the  relative  atomic 
ratio  of  elemental  oxygen,  fluorine,  and  phosphorus  in  the  bulk  SEI 
films  after  cycling.  As  the  cycle  number  increases,  it  is  clearly 
observed  that  the  amount  of  elemental  F  becomes  much  higher 
relative  to  the  other  elements.  This  result  suggests  that  more  F  was 
incorporated  into  the  SEI  film  with  increasing  cycle  number  and  the 
major  form  of  the  F  compounds  would  be  LiF.  The  presence  of  LiF  on 
the  graphite  electrodes  was  confirmed  by  means  of  FT-IR  analysis. 
Peaks  assigned  to  LiF  were  observed  in  the  regions  of  ~  1500  cm-1 
and  ~870  cm-1  and  gained  intensity  with  increasing  cycle  number 


(see  Fig.  S4).  The  observations  from  the  various  spectroscopic 
methods  (EDS,  XPS,  and  FT-IR)  made  herein  support  the  fact  that 
the  rise  in  the  interfacial  resistance  is  related  to  the  compositional 
change  of  the  SEI  film.  Both  the  physical  deterioration  and  the 
increase  in  the  interfacial  resistance  are  ascribed  to  be  the  gov¬ 
erning  factors  behind  the  performance  degradation  of  the  graphite 
electrodes. 

Fig.  7  shows  the  voltage  profiles  of  the  fresh  and  cycled  LiFePCU 
electrodes  at  the  rate  of  1C  as  well  as  the  discharge  capacities  at 
various  C-rates  measured  in  a  half-cell  configuration  using  Li  metal 
as  a  counter  electrode.  Cell  polarization,  indicated  by  a  voltage  drop, 
increases  after  1000  cycles  at  4C,  whereas  no  noticeable  change  is 
observed  as  the  cycle  number  is  further  increased.  The  LiFePCU 
electrodes  exhibit  a  much  smaller  change  in  the  discharge  capac¬ 
ities  at  1C  (Fig.  7a)  relative  to  the  graphite  electrodes  that  exhibited 
distinctive  capacity  fading  upon  cycling  (Fig.  2a).  The  rate  charac¬ 
teristics  of  the  cycled  LiFePCU  electrodes  are  evidently  different 


Fig.  6.  XPS  depth  profiles  for  cycled  graphite  electrodes:  after  (a)  1000,  (b)  2000,  and  (c)  3000  cycles.  Times  in  the  figures  present  the  Ar-ion  sputtering  duration. 
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Fig.  7.  (a)  Voltage  profiles  of  fresh  and  cycled  LiFeP04  electrodes  at  1C  in  half-cell  and 
(b)  rate  characteristics  of  the  electrode. 


from  those  of  the  graphite  electrodes  as  shown  in  Fig.  7b.  In  the 
case  of  the  LiFePCU  electrodes,  the  capacity  fading  behavior  was 
fairly  similar  among  the  electrodes  as  the  rate  was  varied  from  0.1 
to  1C.  Flowever,  considerable  capacity  loss  was  observed  at  the  rate 
of  2C  and  above.  All  the  cycled  electrodes  exhibited  ca.  86%  reten¬ 
tion  of  the  capacity  of  the  fresh  electrode  at  2C,  whereas  the 
retention  capacity  of  the  electrodes  varied  with  the  cycle  numbers 
at  5C.  There  are  distinguishable  differences  in  the  rate  behavior  of 
the  LiFeP04  relative  to  the  graphite  electrodes.  At  low  C-rates,  the 
LiFePCU  electrodes  exhibited  almost  the  same  discharge  capacity 
with  increasing  cycle  number  at  0.1  C,  whereas  the  graphite  elec¬ 
trodes  exhibited  marked  capacity  fade  under  the  stated  condition. 
The  loss  of  capacity  with  increasing  current  rate  was  more 
pronounced  for  the  LiFePCU  electrodes  than  for  the  graphite  elec¬ 
trode  whose  fading  tendency  was  maintained  up  to  5C  without 
abrupt  change.  This  result  indicates  that  performance  degradation 
occurs  by  different  mechanisms  for  the  positive  and  negative 
electrodes.  Based  on  the  post-electrochemical  half-cell  analysis, 
capacity  fading  of  the  cycled  full  cell  at  low  rates  could  be  attributed 
mainly  to  failure  of  the  graphite  electrode,  whereas  power  fading  at 
high  rates  was  attributed  primarily  to  the  LiFePCU  electrode. 

Structural  and  morphological  changes  in  the  LiFePCU  electrodes 
in  response  to  cycling  were  investigated  using  SEM  and  XRD. 
No  remarkable  difference  in  morphology  was  observed  in  the 


cross-sectional  SEM  images  of  the  fresh  and  cycled  LiFeP04  elec¬ 
trodes  (see  Fig.  S5).  Fig.  8  shows  the  XRD  patterns  of  the  fresh  and 
cycled  LiFePCU  electrodes  in  the  fully  discharged  state.  FePC>4  was 
detected  as  a  minor  phase  on  all  the  cycled  electrodes.  The  peak 
intensity  of  the  FeP04  phase  increased  gradually  with  increasing 
cycle  number,  and  a  considerable  amount  of  FeP04  was  present  in 
the  positive  electrode  after  3000  cycles.  The  existence  of  the  FeP04 
phase  indicates  that  the  active  material  does  not  fully  participate  in 
the  intercalation  reaction  during  discharge.  The  appearance  of  the 
FeP04  phase  may  be  linked  either  to  degradation  of  the  active 
material  or  decrease  in  the  available  lithium  source  during  cycling. 
The  origin  of  the  FePC>4  phase  was  evaluated  using  half-cell 
assemblies  comprising  the  cycled  LiFePC^  electrode  and  fresh  Li 
foil.  The  half-cells  were  cycled  several  times  at  a  low  rate  of  0.1  C 
prior  to  disassembly  for  XRD  analysis.  In  this  case,  the  limitation  of 
the  lithium  source  as  a  factor  would  be  clearly  examined  since 
sufficient  lithium  ions  could  be  provided  to  the  positive  electrode. 
The  XRD  results  of  the  positive  electrodes  retrieved  from  the  half¬ 
cells  show  the  absence  of  the  FePCU  phase  (Fig.  S6),  indicating 
that  the  appearance  of  the  FePCU  phase  does  not  originate  from 
degradation  of  active  material;  rather,  it  originates  from  the  loss  of 
the  active  lithium  source  during  the  full  cell  cycling.  This  result  is 
consistent  with  the  capacity  recovery  of  the  positive  electrodes  at 
low  current  rates  as  shown  in  Fig.  7a. 

Fig.  9  displays  the  impedance  spectra  of  the  fresh  and  cycled 
LiFeP04  electrodes.  The  size  of  the  quasi-semicircles  increased 
upon  cycling.  The  dramatic  increase  of  the  mid-frequency  intercept 
values  suggests  that  the  interfacial  resistance  of  the  electrodes 
rises  as  the  cycle  number  increases.  When  compared  to  the  EIS 
results  of  the  graphite  electrodes,  the  absolute  values  of  the 
LiFeP04  electrodes  are  relatively  lower  but  the  increment  ratio  in 
the  resistance  is  higher.  For  electrodes  subjected  to  1000  cycles, 
there  was  an  approximately  two-fold  increase  in  the  interfacial 
resistance  of  the  graphite  electrode  relative  to  the  fresh  electrode, 
whereas  the  LiFeP04  cathode  exhibited  a  four-fold  higher  resis¬ 
tance  than  the  fresh  electrode.  This  result  could  be  related  to  the 
power  fading  of  the  full  cells  and  may  be  attributed  to  processes  at 
the  positive  electrode.  During  rated  discharge,  the  lithium  ion 
moves  from  the  negative  electrode  to  the  positive  electrode.  If  the 
interfacial  resistance  is  increased,  then  the  amount  of  lithium 
intercalated  into  FeP04  is  limited  by  over-potential  resulting  from 
the  remaining  FePCU  phase  observed  in  the  XRD  patterns.  It 
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Fig.  8.  XRD  patterns  of  fresh  and  cycled  LiFeP04  electrodes:  (a)  fresh,  after  (b)  1000,  (c) 
2000,  and  (d)  3000  cycles.  The  full  cells  were  disassembled  in  the  fully  discharged 
state. 
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Fig.  9.  Electrochemical  impedance  spectra  (Nyquist  plot)  for  fresh  and  cycled  LiFeP04 
electrodes.  The  spectra  were  measured  in  the  fully  discharged  state. 

appears  that  the  increase  in  resistance  in  the  positive  electrode 
results  in  the  deterioration  of  the  rate  performance  as  shown  in 
Fig.  7b. 

Based  on  the  analyses  of  both  the  graphite  electrode  and  LiFePCU 
electrode,  the  mechanism  of  performance  degradation  of  the  full 
cells  upon  cycling  is  discussed  as  follows.  It  is  clear  that  the  bulk 
structure  of  the  LiFePCU  electrode  remains  intact  affecting  lithium 
intercalation  after  extensive  cycling.  In  the  case  of  the  graphite 
electrode,  the  total  capacity  was  designed  to  be  1.2  times  higher 
than  that  of  the  LiFePCH  electrode  in  this  study.  It  is  believed  that 
the  sufficient  active  sites  for  Li  intercalation  remain  in  the  graphite 
electrode  after  long-term  cycling,  even  though  there  was  evidence 
of  some  physical  deterioration  in  the  SEM  images.  Therefore,  the 
degradation  of  the  active  material  is  not  the  root  cause  of  capacity 
fading  during  long-term  cycling  for  either  electrode.  It  is  postulated 
for  the  main  cause  of  capacity  fading  is  the  loss  of  active  lithium, 
which  was  evidenced  by  the  appearance  of  the  FePC>4  phase  in  the 
XRD  patterns  of  the  positive  electrodes.  This  can  be  explained  in 
view  of  the  fact  that  SEI  formation  consumes  the  active  lithium 
provided  by  the  positive  electrode  initially.  During  subsequent 
cycles,  the  SEI  breaking/repairing  process  also  spends  active 
lithium  in  the  graphite  electrode.  The  active  lithium  could  also  be 
eliminated  by  physical  delamination  of  the  graphite  particles  from 
the  current  collectors.  Consequently,  the  key  contributor  to 
capacity  fading  in  the  full  cells  at  a  relatively  low  rate  (1C)  is 
proposed  to  be  the  degradation  of  the  graphite  electrode,  which  is 
attributed  to  the  intrinsic  volume  change  occurring  during  cycling. 
This  degradation  apparently  occurs  primarily  during  the  first  1000 
cycles,  as  shown  in  Table  1  and  Fig.  3.  On  the  other  hand,  a  drastic 
increase  of  in  the  interfacial  resistance  is  exhibited  by  the  LiFeP04 
electrode,  which  results  in  the  fading  of  the  rate  performance. 
Therefore,  the  power  fade  of  full  cells  may  be  ascribed  to  the 
increasing  interfacial  resistance  of  the  positive  electrode. 

4.  Conclusions 

Laminated  pouch  type  1.5  Ah  full  cells  were  cycled  1000-3000 
times  at  a  rate  of  4C;  the  full  cells  exhibited  a  capacity  loss  of  10- 
15%.  Investigation  of  the  capacity  fading  mechanism  by  analysis 
of  both  graphite  and  LiFeP04  electrodes  retrieved  from  full  cells  in 
the  fully  discharged  states,  using  various  analyses,  after  1000, 2000, 


and  3000  cycles  showed  that  the  negative  electrode  exhibited 
considerable  capacity  loss  even  at  low  rates,  whereas  the  rate 
performance  was  relatively  better  than  that  of  the  positive  elec¬ 
trode.  Based  on  electrochemical  and  structural  analyses,  capacity 
fading  was  attributed  to  the  loss  of  active  lithium  by  irreversible 
consumption  during  the  SEI  formation/repairing  process  on  the 
graphite  surface  and  the  physical  degradation  of  the  graphite 
electrode  due  to  intrinsic  volume  changes  during  cycling.  Half-cell 
tests  of  the  positive  electrode  demonstrated  that  most  of  the 
capacity  was  recovered  at  low  rates.  However,  the  reversible 
capacities  at  high  rates  declined  dramatically  compared  to  the  fresh 
electrodes  due  to  increased  interfacial  resistance.  The  rising  inter¬ 
facial  resistance  of  the  positive  electrodes  may  be  a  contributing 
factor  to  the  power  fading  of  the  full  cells. 
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